The optical orientation of exciton spins in semiconductor quantum wells (SQWs) was investigated by observing the circular polarization of the photoluminescence (PL). The left/right circularly polarized PL in SQWs was measured. It was found that there is a difference between the two different polarization conditions, which is caused by spin-dependent phase-space filling. The PL polarization was estimated from the signals of the left and right circularly polarized PL and was found to depend on the well thickness of SQWs as well as on the sample temperature. The influence of an electric field on the PL polarization was studied.
Introduction
Spin is a quantum mechanical property associated with intrinsic angular momentum vector of electrons, and many other elementary particles as well as nuclei and atoms, and has an intrinsic magnetic moment associated with it. Therefore, spin is closely related to magnetic phenomena. As an intrinsic magnetic moment is associated with the spin, electron spin provides an extra degree of freedom, socalled the spin degree of freedom, for the electron to interact with a magnetic field. 1 The idea of utilizing the electron spin in semiconductor devices leads to the growth of the field spintronics, where both charge and spin degrees of freedom play an important role in realizing operations and functionalities. 2, 3 The basic study dedicated to spintronics is to understand the interaction between the particle spin and its solid-state environments in order to make useful devices based on the acquired knowledge. 4 This may result in the development of novel electronic devices with advantages of e.g., nonvolatility (data retainer), reduced power consumption (energy saver), smaller size (larger integration density) and faster operation (higher speed).
However, one of the basic requirements necessary in developing semiconductor spintronic devices is the efficient generation (injection) of spins (or spin current) in (into) semiconductor heterostructures such that they can be transported reliably (without loss of the spin polarization) over reasonable distances, i.e. distances that are comparable to the device dimensions. [5] [6] [7] [8] [9] In order to understand this, semiconductor-based heterostructures have been studied. For instance, optically detected magnetic resonance in zero field and in a finite magnetic field was used to study the excitons in type-II GaAs/AlAs quantum wells, where the spectra were analysed using the spin Hamiltonian for the quasi-two-dimensional indirect excitons. 5 Subsequent investigations for photoexcited carrier dynamics and excitonic energy in quantum dots and for optical orientation of electron spins in semiconductor quantum wells (SQWs) are also present. [10] [11] [12] In the present investigation, we focus on the study of the optical orientation of exciton spins in SQWs by circularly polarized photoluminescence (PL) measurements. Spins are generated in SQWs by exciting their heavy-hole valence bands by a left/right circularly polarized light. 13 The left and right circularly polarized PL in dependences of well thickness (of SQWs), applied electric field and sample temperature are measured. The PL polarization is calculated from the signals of the left and right circularly polarized PL and is found to depend on the strength of the applied electric field, the size of the SQW as well as on the sample temperature.
Materials and Methods
Samples used in the present investigation were GaAs quantum wells, grown on the Sidoped GaAs substrate using the MBE method. They were Al 0.3 Ga 1-0.3 As SQWs with different well thicknesses (6, 8, 10 and 12 nm). The barrier width was ~20 nm. A negative external bias with different field strengths (up to -4 V) was applied. For the application of the external bias, the top surface of the sample was coated with a semitransparent electrode. We measured the photoluminescence excited by ps right circularly polarized light pulses of a tunable Ti:sapphire laser with a repetition rate of 76 MHz using a streak camera. The PL spectra of the SQW structures displayed intense excitonic lines with a half-width of 2-3 meV. Approximately of the same value was the Stokes shift between the exciton peaks in the absorption and PL spectra. The circularly polarized PL was excited directly to the exciton absorption band under normal incidence and was detected with the small long-wavelength shift (~2 meV) to minimize the polarization losses. The circularly polarized PL was detected in the backward direction. Measurements were done at different temperatures by placing the samples in a temperature-regulated cryostat. The PL polarization was calculated by defining it as the ratio of the difference of the signals of the right and left circularly polarized PL to their sum.
Results and Discussion
The PL in dependences of the external bias, quantum well thickness as well as of sample temperature was measured for the left and right polarization conditions. There was a difference between the different polarization conditions, which is caused by spin-dependent phase-space filling. 14, 15 The resulting PL polarization, as measured with pulses with the same and opposite circular polarization (signals obtained for left and right circularly polarized light), as a function of the time delay was calculated. The dependence of the PL polarization on the external electric bias is shown in Figure 1 . The insert shows a typical PL polarization spectrum as a function of the delay. This was for the bias 1 V and the maximum polarization is 73%. As seen from the insert, the PL polarization decays in a sub-nanosecond. The results are consistent with those obtained in an earlier investigation. 16 In the presence of the external bias, the electric field reduces the electron-hole exchange coupling by spatially separating the charges, and as a result, the interaction of the hole spin with phonons becomes stronger than the exchange interaction. This leads to breakage of the coupling between the electron and hole spins. As a consequence, the hole spin exhibits fast relaxation, while the electron spin holds its orientation, providing the slow component in the polarization decay. Relaxation can result in the PL depolarization due to a flip of the exciton spin as a whole or independent flips of the electron and hole spins. 17, 18 In the first case, the decay time of the PL polarization is directly determined by the exciton spin relaxation rate. If the carrier spins relax independently, the fast flip of the hole spin does not affect the PL polarization. In this case, the decay of the PL polarization is controlled by the relaxation of the long-lived electron spin. The above analysis reveals that the bias-induced changes in the PL kinetics are related to the transition from dynamics of the exciton spin to that of the independent electron and hole spins. The application of the bias to the SQWs weakens the exchange interaction between the electron and hole spins. This is because the recombination in SQWs is reduced upon the application of a bias due to a decreased wave function overlap of the electrons and holes. In the absence of the bias, the exchange coupling exceeds the spin-phonon interaction originated from photo-induced electron-phonon anharmonicity, 19 and the main relaxation mechanism is given by the exciton spin flips.
The PL polarization at different temperatures is shown in Figure 2 . As can be seen, for all the samples the PL polarization decreases with increasing sample temperature. The observed temperature dependence might be due to the temperature-dependent band-gap shift of the SQW materials. 20 The temperature dependence of the direct bandgap, determined from the absorption edge, of a zinc-blende semiconductor, such as GaAs, can be described 21 by
is the bandgap at 0 K, and a and b are temperature independent constant parameters. As the onevalley bandgap gives good agreement for Al x Ga 1-x As with, x≤0.3, 22 the bandgap of the constituents (A and B) of A 1-x B x follows the one-valley model and is given by,
x+c (1-x) x where c is the bowing parameter. 23, 24 As can be seen, the band-gap energy decreases as the sample temperature increases. Thus the circularly polarized light with photon energy slightly lower than the light-hole-band to conduction band energy gap might be able to excite some of the carriers from the light-hole valence band due to the band-narrowing effect at higher temperatures, and consequently the polarization would decrease. The results are consistent with those obtained in another investigation, 25 where the authors studied the spin relaxation of electrons during transport in the similar material by the PL polarization measurements and showed that the PL polarization under drift increased with decreasing temperature. The observed results also agree with those of the transmission measurements in a bulk sample. 26 Dependence of PL polarization on the thickness of SQW was studied. The results are shown in Figure 3 . As can be seen, the PL polarization decreases as the thickness increases. The breakage of the spin coupling strongly depends on the well thickness, where with increasing thickness of the well, the exchange interaction increases, and consequently, the hole spin relaxation rare decreases. In addition, in thin SQWs, the efficiency of spatial separation of the electron and hole by the electric field is smaller than in thick wells. Owing to this joint action, a relatively small change in the well thickness increases the external bias required for breakage of the coupling of the electron and hole spins. 27 This fact explains the noticeable changes in the PL polarization and its kinetics, as observed in the experiment (Figure 3 ). The same effect was observed by others.
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Conclusions
The spin polarization of excitons in the presence of an electric field in SQWs was investigated optically. The left and right circularly polarized PL in dependences of the electric field, sample temperature and well thickness of SQWs were measured. It was found that there is a difference between the two different polarization conditions, caused by spindependent phase-space filling or band filling. The PL polarization, calculated from the signals of the left and right circularly polarized PL, was found to depend on the size of the SQW as well as on the sample temperature. The influence of an applied electric field on the spin orientation was studied. The observed effect was discussed in details. 
